Owing to simple structure, low cost and high performance, NRD-guide millimeter wave circuits have attracted much attention in recent years. In this paper, a variety of NRD-guide passive components are reviewed with emphasis on design techniques and performance estimation in the 60 GHz frequency band where the license-free advantage is available. The passive components to be discussed here include compact bends, wideband hybrid couplers, practical three-port junctions, versatile E-plane filters, and effective feeding structures for lens antennas. Some of them are employed to construct millimeter wave transceivers. Eye patterns observed at 1.5 Gbps confirm the potential ability of the fabricated NRDguide transceivers for high bit-rate, wireless applications.
Introduction
NRD-guide [1] stands for Nonradiative Dielectric Waveguide. It is a dielectric waveguide for millimeter wave applications and has practical advantages of low transmission loss as well as non-radiating nature at curved sections and discontinuities. Basic properties of NRD-guide have been studied in detail [2] - [4] , and practical millimeter wave systems have also been developed in the 60 GHz frequency band where the license-free advantage is fully available [5] . This paper is concerned with the NRD-guide circuit technology with special emphasis on passive components and devices which are essential for millimeter wave applications. The operation principles and characteristics of them will be explained in simple words to understand.
At first, a novel design technique of a compact bend is discussed. Due to the mode conversion phenomenon at curved sections of NRD-guide, the curvature radius of bend is restricted to certain discrete values [3] . It will be shown that such inconvenience can be eliminated by placing a metal rod or wall near the tip of bend with a proper spacing and a compact bend of any bending radius can be fabricated [6] .
For the construction of a wideband hybrid coupler, which is inevitable for creating high performance modulators and mixers, the design principle is introduced and the unique coupling structure which can cover the full licensefree band from 59 GHz to 66 GHz is resulted in [7] . Manuscript The three-port junction is also important in practice, but it is usually not easy to build with NRD-guide because the evanescent fields associated with NRD-guide modes make each arm of the junction couple with each other in an unpredictable manner. The practical technique is devised to realize the junction circuit of acceptable performance by suppressing such unwanted coupling down to the reasonable level [8] .
Among various types of NRD-guide filters developed so far, the newly proposed E-plane structure is found to be most attractive in performance as well as in production [9] . As an example, a 5-pole bandpass filter is designed at 60 GHz based on the NRD-guide E-plane structure and performance of it is discussed from a practical point of view.
Technical requirements for antennas to be used for millimeter wave wireless applications are high gain and low side-lobe level. The requirement for high gain is obvious, and low side-lobe level is needed to reduce the multi-path effects. In order to meet such requirements, dielectric lens antennas are newly developed [10] , and two types of NRDguide feeding structures are also proposed [10] , [11] . Performances of the proposed feeding structures as applied to the dielectric lens antenna are discussed to show their advantages in millimeter wave wireless applications.
By assembling various NRD-guide circuit components described in this paper, NRD-guide millimeter wave transceivers are fabricated for short distance wireless applications or WPAN. Since propagation distance is limited within 10 m or less, any power amplifiers and low noise amplifiers are not needed, and hence the transceivers can be made considerably simple in circuit configuration and cheap in cost. By using the Gunn-diode oscillators having low phase noise characteristics and adopting the simple ASK modulation scheme [5] , millimeter wave transceivers have been built to achieve a high bit-rate of 1.5 Gbps, which is necessary for uncompressed HD-TV wireless transmission. More details will be found below.
NRD-Guide Millimeter Wave Passive Components
NRD-guide consists of dielectric strips which have a rectangular cross-section and are sandwiched in a bellow-cutoff parallel-plate waveguide as shown in Fig. 1 . If low loss Teflon material (ε r = 2.04) is assumed for the dielectric strip at 60 GHz, the optimum values for height and width of the strip can be determined to be 2.25 mm and 2.5 mm, respectively. In the following, the dimensions adopted here will be used exclusively.
Design of Compact Bend [6]
A bend is a typical passive component needed for the construction of practical millimeter wave circuits. In particular, a compact bend is essential for NRD-guide design since circuit size tends to be large due to the inherent nature of dielectric waveguides. The NRD-guide bend to be considered here is shown in Fig. 2 . Spacing between the metal wall and the tip of bend is denoted by d.
At the beginning of discussion, it should be noted that there are two kinds of non-radiating modes in NRD-guide, that is, LSM 01 and LSE 01 modes, respectively. The former is the operating mode of low transmission loss, while the latter is a parasitic mode which is generated at curved sections and discontinuities of a dielectric strip reluctantly. In order to suppress the unwanted LSE 01 mode at exit of NRD-guide bend, the curvature radius of bend has to be restricted to certain discrete values [3] .
In order to eliminate such limitation in design of NRDguide bend, theory of NRD-guide bend is carefully reexamined. As a result, it is found that the radius of curvature R and the bending angle θ can take any values at will by adjusting the phase constant difference ∆β between LSM 01 and LSE 01 modes. Turning to ∆β, it can be controlled by changing spacing d between the dielectric strip and the metal rod or wall as illustrated in Fig. 2 .
The relation among R, θ and ∆β, which guarantees the proper operation of the bend, is given by
where the difference of phase constants ∆β can be calculated by means of the characteristic equations given in literature [6] . As an example, the bend with a curvature radius of 12 mm and a bending angle of 180
• is designed. The optimum spacing between the tip of bend and the metal wall is found to be 0.5 mm. Transmission of the bend is measured with and without the metal wall, and compared in Fig. 3 . Several spikes appear in the latter case due to the mode conversion at bend, and it can be also seen that the presence of metal wall is very effective for the operation of a compact NRD-guide bend. [7] In order to build an NRD-guide coupler, a couple of arced dielectric strips are placed in the vicinity of each other as shown in Fig. 4 . In particular, if ports 2 and 3 of the hybrid coupler (3-dB coupler) are truncated at suitable positions, complete power transfer takes place between ports 1 and 4 . Such a hybrid coupler is convenient for the fabrication of modulators and mixers with paired Schottky diodes bonded at ports 2 and 3 . In this section, the design principle of the wideband hybrid coupler will be discussed.
Wideband Hybrid Coupler
By putting θ 1 = θ 2 and Fig. 4 , the 3-dB bandwidth of transmission between ports 1 and 4 are calculated against bending angle θ 1 as shown in Fig. 5 . It can be seen that the smaller θ 1 is required for the wider bandwidth of the hybrid coupler. It is also seen that the symmetrical coupler exhibits the wider frequency characteristics than the asymmetrical one. Figure 6 shows the 3-dB bandwidth of transmission as a function of the radius of curvature R 1 under the condition θ 1 = θ 2 = 0. The bandwidth increases with the decreasing radius of curvature. These observations imply that the design rule of the wideband hybrid coupler is to make the coupling area as tight as possible.
The wideband hybrid coupler is designed under the condition R 1 = R 2 = 25 mm, θ 1 = θ 2 = 0, and the optimum coupling gap is found to be d = 0.77 mm. Figure 7 shows the simulated and measured transmission between ports 1 and 4 under the condition obtained above to confirm the theoretical prediction. It can be seen that the bandwidth of the hybrid coupler designed by the proposed method can cover the whole license-free bandwidth 59-66 GHz. The hybrid coupler developed here is expected to play an important role in the construction of millimeter wave modulators and mixers. 
Three Port Junction [8]
The junction circuits often appear in millimeter wave applications. There are both E-plane and H-plane junctions in the conventional waveguide circuits, but only the E-plane junction is allowed for NRD-guide since NRD-guide is a planar guiding structure and the operating LSM mode has the electric field in parallel to the metal plates of housing. The disadvantage of NRD-guide in the construction of junction is the existence of unwanted coupling among junction arms due to the evanescent fields associated with the operating and parasitic modes.
An effective method to suppress such unwanted coupling down to the ignored level is to wrap each dielectric strip with thin metal foil as shown in Fig. 8 . By means of this method, the practical NRD-guide junction can be realized. The stepped impedance transformer is implemented at input port 1 for matching and the compact bends are also added at ports 2 and 3 to reduce the circuit size for the handling convenience as shown in Fig. 9 .
Measured scattering parameters S 21 , S 31 and S 32 are shown in Fig. 10 in comparison with simulated results over the frequency range from 55 GHz to 65 GHz. It can be seen that equally divided power appears at ports 2 and 3 , and the isolation smaller than −15 dB is guaranteed over the wide frequency range 57-65 GHz. Reflection is also found to be less than −17 dB over the same frequency range by separate The NRD-guide junction developed here can be applied to feeding systems of millimeter wave antenna arrays and wideband millimeter wave power dividers as well.
NRD-Guide E-Plane Filter [9]
Among various types of millimeter wave filters developed so far, there is the well known fin-line filter which has a planar insert in the E-plane of waveguide. Since the E-plane of NRD-guide is parallel to the metal plates of the NRD-guide housing, a similar E-plane filter can also be built by being based on NRD-guide as shown in Fig. 11 . There is a longitudinal array of metal foils with appropriate intervals in the mid-plane of dielectric strip. An array of metal foils can easily be made by the etching process and the fine adjustment of metal foil sizes can also be done by removing the upper metal plate and the upper half of dielectric strip.
As the first step of design, the resonant frequency of the NRD-guide E-plane resonator is calculated against the metal foil spacing and shown in Fig. 12 together with half a wavelength of the NRD-guide mode for comparison. It can be seen that length of the E-plane resonator is shorter than half a wavelength of the guided mode in NRD-guide. This fact means that the resonators and hence the filters as a whole can be miniaturized. In the similar way, the external Q-factors and coupling coefficients can be found by means of simulation. When large values of external and/or internal coupling coefficients are desired, it is convenient to make a narrow gap across a metal foil at center.
In order to demonstrate performance of the proposed filter, a 5-pole Chebyshev-type bandpass filter with 3 dB bandwidth of 2 GHz and passband ripple of 0.1 dB is designed at center frequency of 60.5 GHz. Measured and simulated responses of the filter are shown in Fig. 13 . In the simulation, the loss tangent of Teflon (tan δ = 2 × 10 −4 ) is taken into account. It is found that the measured center frequency is 60.53 GHz, 3 dB bandwidth is 2.11 GHz and insertion loss is 0.54 dB, respectively. Agreement between the designed and measured characteristics is satisfactory, and it is confirmed that the proposed NRD-guide E-plane filter is quite practical.
Feeding Techniques for Lens Antennas
Millimeter waves are most suitable for high bit-rate wireless data transmission such as uncompressed HD-TV. In such ap-plications, effects of multi-path propagation cannot be ignored. In order to suppress them as thoroughly as possible, high-gain, low side-lobe level lens antennas have been designed based on geometrical optics [10] , and two types of feeding methods have been tried [10] , [11] .
2.5.1 Rod-Fed Lens Antenna [10] In this case, the dielectric strip with a short taper at the tip is extended outside NRD-guide to feed the lens antenna at its focal point as shown in Fig. 14 . Even if any special circuit techniques are not required, the disadvantage of this method is the bulky structure due to the ground plane attached to the base of lens antenna.
A lens antenna, 32 mm in diameter and 12 mm in focal length, is fabricated with polyethylene (ε r = 2.29) for measurements. Figure 15 shows measured and simulated radiation patterns of the rod-fed lens antenna. It is found that gain is 24.4 dBi, aperture efficiency is 68.1%, 3 dB beamwidth in both E and H planes is 9 degrees and sidelobe levels are −22 dB in E-plane and −27 dB in H-plane. These results confirm that the rod-fed lens antenna gives a simple structure as well as practical performance for millimeter wave wireless applications 2.5.2 Horn-Fed Lens Antenna [11] In order to eliminate the bulky ground plane of the lens antenna, it is proposed to substitute one of the metal plates of the NRD-guide housing for the ground plane. As shown in Fig. 16 , a cylindrical shallow horn, 5 mm in depth and 7mm in diameter, is drilled in the upper plate of the housing, while a single mode circular waveguide whose length is identical to the plate separation of NRD-guide (t = 0 in Fig. 16 ) is also created in the stepped up portion of the lower plate of NRD-guide to feed the horn antenna directly. Then, the Hplane transition between the waveguide and the dielectric strip of NRD-guide is built to complete the path from the dielectric strip to the lens antenna located on the upper plate of NRD-guide. This method is preferable since any additional ground plane is not required, and hence the design flexibility is enhanced.
The lens antenna adopted in the previous section is used again here to measure radiation characteristics. The measured and simulated radiation patterns are illustrated in Fig. 17 . The obtained gain is 25 dBi, aperture efficiency is 78.2%, 3 dB beamwidth in both E and H planes is 9 degrees, and sidelobe level is −27 dB, respectively. Improvement over the rod-fed version is obvious in gain and aperture efficiency. If the dielectric lens is removed, a small horn antenna, 7 mm in aperture diameter and 5 mm in depth, is resulted in. For reference, the radiation patterns of this antenna are also measured, and shown in Fig. 18 . The gain is 12.4 dBi, and 3 dB beamwidths are 40 degree in E-plane and 46 degree in H-plane, respectively. These data exhibit that this tiny horn antenna can be used in practice.
Wireless Applications of NRD-Guide Passive Components
Using NRD-guide passive components described above, millimeter wave transceivers are built at 60 GHz. Gunn oscillators are employed due to excellent phase noise characteristics of them. More details about the oscillators can be found elsewhere [12] . The circuit configuration of modulator/mixer used in the fabricated transceiver is shown in Fig. 19 . The modulator/mixer consists of paired Schottky barrier diodes (SBD) bonded across gaps in the diode mount, and operates based on the unique property of the hybrid coupler as shown in Fig. 7 . In the modulating mode, millimeter waves generated by the Gunn oscillator enter into the paired SBDs to be modulated, and leave there toward the transmitting antenna after being modulated. In the mixing mode, the Gunn oscillator serves as the local oscillator and produces millimeter waves to be mixed with received waves to yield IF signal. The switch-less operation is possible by utilizing low-pass and band-pass filters to separate the baseband signal lower than 2 GHz from the IF signal higher than 3 GHz according to the equivalent circuits shown in Fig. 19 .
The design method of a compact bend as explained in Sect. 2.1 is applied to reduce the size of transceiver. Actually, the curvature radius of the fabricated bend is about half the size compared to the ordinary design, thus the circuit can be made quite compact as shown in Fig. 20 .
At the same time, it is required to localize the coupling area of the hybrid coupler as small as possible to attain the (a) Transmitter.
(b) Receiver.
Fig. 19
Circuit configuration of modulator/mixer for transceiver and its equivalent circuits. wideband performance as mentioned in Sect. 2.2. In order to do so, the compact bend mentioned above is coupled with a straight strip through a gap, 1mm in width. In this way, the hybrid coupler whose bandwidth covers the license-free frequency region can be realized. The rod-fed lens antenna is used here, too. The fabricated transceiver is shown in Fig. 20 . A couple of transceivers whose RF frequencies are different about 3 GHz from each other are built to carry out transmission test. The specification of them is summarized in Table 1 . For reference, the eye-pattern at bit-rate of 1.5 Gbps is shown in Fig. 21 . Data transmission of good quality can be confirmed and uncompressed HD-TV wireless transmission is also demonstrated successfully.
Conclusions
The advantages of NRD-guide are low transmission loss, radiation suppression capability and high performance. Topics covered in this paper are concerned with typical NRD-guide passive components such as bends, hybrid couplers, filters and so on for millimeter wave wireless applications. In addition, a novel type of switch-less transceiver is also proposed and fabricated. By using two sets of them, wireless transmission of uncompressed HD-TV has been carried out at 1.5 Gbps successfully. It is hoped that these results are suggestive as well as useful for the further development of millimeter wave technology.
